Abstract: Ti-6Al-4V has been widely used in both the biomedical and aerospace industry, due to its high strength, corrosion resistance, high fracture toughness and light weight. Additive manufacturing (AM) is an attractive method of Ti-6Al-4V parts' fabrication, as it provides a low waste alternative for complex geometries. With continued progress being made in SLM technology, the influence of build layers, grain boundaries and defects can be combined to improve further the design process and allow the fabrication of components with improved static and fatigue strength in critical loading directions. To initiate this possibility, the mechanical properties, including monotonic, low and high cycle fatigue and fracture mechanical behaviour, of machined as-built SLM Ti-6Al-4V, have been critically reviewed in order to inform the research community. The corresponding crystallographic phases, defects and layer orientations have been analysed to determine the influence of these features on the mechanical behaviour. This review paper intends to enhance our understanding of how these features can be manipulated and utilised to improve the fatigue resistance of components fabricated from Ti-6Al-4V using the SLM technology.
Introduction
Additive manufacturing (AM) is a promising new technology that can significantly alter how components for many different industries are manufactured, with the potential to drastically improve manufacturing efficiency. It also provides a means of manufacturing geometrically complex structures, which would otherwise require a considerable amount of time and money to manufacture with other methods. One of the exciting aspects of this evolving technology is its ability to manufacture material having a microstructure that is composed of a wide range of crystallographic phases, previously only possible in traditionally manufacturing methods through post thermo-mechanical processes [1] . Furthermore, taking advantage of the intrinsic heat treatment (IHT) of the AM fabrication process, which is associated with cyclic reheating of layers through continued layer deposition, there is the potential to induce precipitation growth in situ [2] . This, in turn, offers the AM technology the potential for material inclusion engineering towards enhancing the material mechanical properties. This application of the AM technology therefore stresses the need to develop processing parameters for the manufacture of material that can be used in the as-built condition.
Considerable research efforts have been undertaken on the qualification of parts manufactured using AM technologies, with a focus on laser additive manufacturing [e.g., selective laser melting with controlling the build platform temperature and thermal stresses. A combination of lamellar (α + β), equiaxed (α + β), bimodal lamellar (α + β) and equiaxed α was observed through the height of fabricated specimens. This recognises the varying influence that build platform temperature and thermal stresses have on the microstructure formation. This finding was further supported by the work of Ali et al. [18] , in an investigation of the effects of powder bed preheating, which highlighted the significant influence of the powder bed temperature on the SLM Ti-6Al-4V microstructure formation. In particular, preheating the powder bed at different temperatures resulted in slowing the cooling rate, promoting α decomposition into α and growing β between α laths. Although it is possible to achieve such a microstructure from an initial α martensite microstructure, using post heat treatment or hot isostatic heating (HIP), as previously reported in [4, 6, 19, 20] , the advantage of in situ microstructure tailoring is important for a number of reasons (e.g., reduction of manufacturing cost and time and tailoring the microstructure to improve mechanical performance).
Further improvements efforts in the in situ transformation of α martensite have been achieved by Xu et al. [9] towards overcoming the difficulties associated with the FOD adjustment and the high microstructure sensitivity to FOD. In their work, transformation was achieved by employing a scanning strategy which uses the residual heating of new layers on previous layers to maintain the temperature profile in order to ensure α martensite transformation into α + β. This technique offered the correct environment for the formation of a different microstructure, composing of α + (α + β), ultrafine lamellar (α + β) and coarse lamellar (α + β). Depending on the support structure, layer thickness and part dimension, a varying α lath width can be achieved. In parallel to this work, Barriobero-Vila et al. [21] proposed a laser scanning strategy which took advantage of the benefits offered by a longer IHT exposure time, so as to ensure α martensite decomposition into α + β by using porosity-optimised processing parameters previously developed by Kasperovich et al. [22] and a tight hatch distance. Both studies demonstrate the evolving achievements in microstructure design control methods and the importance of localised cyclic reheating as one of the means to achieve tailored microstructure. With the continuous improvement in understanding the SLM processing features and characteristics, the capabilities of the SLM technology are becoming more apparent. Rather than attempting to manufacture Ti-6Al-4V with comparable mechanical properties to that of the wrought Ti-6Al-4V, the technology is on the cusp of being able to offer tailored microstructures providing optimised mechanical properties.
Microstructures Examined
The main Ti-6Al-4V microstructures discussed in this paper are:
• Bimodal (duplex) microstructure, composed of lamellar (α + β) colonies and interconnected equiaxed primary α.
• Lamellar (α + β) microstructure, composed of α lamellae within β grains.
• Equiaxed (globular) microstructure, consisting of equiaxed primary α with β along the grain boundaries.
• Acicular α martensite.
Build Defects and Residual Stresses

Build Defects and the Influence of Gas Flow
The emergence of various defects during AM of metals has been studied by many researchers and has recently been reviewed by Grasso and Colosimo [23] . The formation of spherical pores is a commonly occurring defect, which, as indicated by Vilaro et al. [20] , is caused by the presence of gas among the powder particles dissolved in the melt pool, which remains in the material due to rapid solidification. Spherical defects' initiation has also been shown to be driven by the processing parameters. For example, Gong et al. [24] showed that the processing parameters have a significant influence on the size and density of defects due to the differences in the melt pool characteristics. In particular, Gong et al. [24] discovered that at higher energy density, the defects obtained a spherical shape, which was attributed to mechanically scraping ejected solidified particles. Irregular shaped defects are usually the effect of lack of fusion/melting. As discussed by Vilaro et al. [20] , this is caused by incorrect processing parameters, which leads to insufficient reheating of the previous layer, preventing optimal fusion between the layers. The processing parameters' influence has also been reported by Panwisawas et al. [25] , who explored the different ways that spherical pores can become elongated through increased laser scan speed. Furthermore, Gong et al. [24] showed that at low energy densities, the defects are becoming more irregularly shaped due to insufficient layer melting. The occurrence of such defects has also been confirmed by Kasperovich and Hausmann [26] , who observed elongated voids perpendicular to the build direction, occurring from insufficient energy density.
The SLM manufacturing process requires an inert atmosphere achieved with a gas flowing across the build platform. The gas flow in the chamber can also have an influence on the porosity level of the manufactured components. It has previously been reported by Kong et al. [27] and Ferrar et al. [28] that the gas flow is not uniform across the build chamber, which effectively causes a build-plate location dependence. Inadequate gas flow can cause a reduction in the removal of vaporised powder (condensate) produced by the melting process. In the study of Ferrar et al. [28] , it was discovered that the low gas flow regions correspond to a variation in the intensity, spot diameter and energy of the laser beam, because of the presence of the condensate. This leads to a reduction in the effectiveness of the originally defined processing parameters on successive layer melting and fusion, potentially introducing lack-of-fusion defects. In addition, the layer thickness can be affected by the inefficient removal of the by-products (condensate, ejected powder and spatter) that occur during the melting process, which increases the potential of lack of fusion defects [29] . Ladewig et al. [29] also linked areas of lack-of-fusion defects with regions where the effects of low gas flow rate induced laser beam and by-product interaction had occurred.
Residual Stresses
Residual stresses of the most significant importance are those associated with a variation across the whole part (referred as type I residual stresses), rather than those occurring at atomic level [30] . As described in the works of Mercelis and Kruth [30] and Knowles et al. [31] , these residual stresses develop during the build process due to the expansion and contraction interaction between the layers. These have been measured in a number of SLM Ti-6Al-4V builds, e.g., as reported by Leuders et al. [32] and Simonelli et al. [8] . Nickel et al. [33] and Shiomi et al. [34] demonstrated that the development of residual stresses is dependent on laser scan, while Klingbeil et al. [35] showed that this may be also geometry-dependent. Furthermore, one may note that residual stresses can vary across the thickness of the built part, as measured by Casavola et al. [36] . However, it is possible to reduce the residual stresses in situ, namely during the fabrication process. For example, a residual stresses' reduction scheme has been recently proposed by Ali et al. [18] , whereby it was demonstrated that reduction can be achieved by increasing the preheat temperature of the powder bed (reducing effectively the thermal gradient). Furthermore, it was shown with heat transfer numerical simulations that employing optimised scanning strategies can reduce the build-up of residual stresses [37] .
Influence of the Microstructure, Residual Stress and Porosity on Mechanical Properties
Laser Scanning Strategy, Build Orientation and Type Test Coupons
The laser scanning strategies used in the fabrication of SLM-produced parts and mechanical test coupons varies greatly between researcher studies. Commonly employed strategies, as reported in the literature, are illustrated schematically in Figure 1 . Moreover, the tensile and fatigue test coupons used in axial tests vary in build orientation and type (flat or cylindrical). Build orientations used in coupon fabrication, with a corresponding reference label to indicate the direction, are summarised graphically in Figure 2 . Compact-tensile (CT) test coupon build orientations are commonly used by researchers, these are summarised in Figure 3 . The corresponding build direction is also indicated in the figure (corresponding to the Z axis). Moreover, the tensile and fatigue test coupons used in axial tests vary in build orientation and type (flat or cylindrical). Build orientations used in coupon fabrication, with a corresponding reference label to indicate the direction, are summarised graphically in Figure 2 . Moreover, the tensile and fatigue test coupons used in axial tests vary in build orientation and type (flat or cylindrical). Build orientations used in coupon fabrication, with a corresponding reference label to indicate the direction, are summarised graphically in Figure 2 . Compact-tensile (CT) test coupon build orientations are commonly used by researchers, these are summarised in Figure 3 . The corresponding build direction is also indicated in the figure (corresponding to the Z axis). Compact-tensile (CT) test coupon build orientations are commonly used by researchers, these are summarised in Figure 3 . The corresponding build direction is also indicated in the figure (corresponding to the Z axis). Moreover, the tensile and fatigue test coupons used in axial tests vary in build orientation and type (flat or cylindrical). Build orientations used in coupon fabrication, with a corresponding reference label to indicate the direction, are summarised graphically in Figure 2 . Compact-tensile (CT) test coupon build orientations are commonly used by researchers, these are summarised in Figure 3 . The corresponding build direction is also indicated in the figure (corresponding to the Z axis). 
Monotonic Properties
Behaviour under Tension
The monotonic properties of various as-built SLM Ti-6Al-4V microstructures have been extensively studied with the use of different test coupon build orientations, as reported recently by Lewandowski and Seifi [38] (2016) and Tong et al. [39] .
The microstructures investigated include (summarised literature presented):
• α martensite [1, 4, 6, 8, 20, 26, 32, [40] [41] [42] [43] [44] [45] ; • Coarse lamellar (α + β) [9, 17] ; • Ultrafine lamellar (α + β) [15, 16] .
The yield stress and elongation values measured in these studies are plotted in Figure 4 , offering a better visualisation of the variation of the values for different microstructures, build orientations and porosity levels (these are summarised in Table 1 for each of the test results shown in Figure 4) . Moreover, the processing parameters that have been used for the fabrication of the test coupons are listed in Table 2 . The improvement in elongation achieved with a lamellar (α + β) is evidenced in the results obtained by Xu et al. [9] (Xu 1) and Xu et al. [15] (Xu 2), which is presented in Figure 4 . What is also observed in Figure 4 is the significant scatter in the results obtained from α martensite coupons, suggesting that defects have an appreciable impact on the mechanical properties. 
Monotonic Properties
Behaviour under Tension
• α' martensite [1, 4, 6, 8, 20, 26, 32, [40] [41] [42] [43] [44] [45] ; • Coarse lamellar (α + β) [9, 17] ; • Ultrafine lamellar (α + β) [15, 16] .
The yield stress and elongation values measured in these studies are plotted in Figure 4 , offering a better visualisation of the variation of the values for different microstructures, build orientations and porosity levels (these are summarised in Table 1 for each of the test results shown in Figure 4) . Moreover, the processing parameters that have been used for the fabrication of the test coupons are listed in Table 2 . The improvement in elongation achieved with a lamellar (α + β) is evidenced in the results obtained by Xu et al. [9] (Xu 1) and Xu et al. [15] (Xu 2), which is presented in Figure 4 . What is also observed in Figure 4 is the significant scatter in the results obtained from α' martensite coupons, suggesting that defects have an appreciable impact on the mechanical properties. Table 1 (circle points represent an α' martensite coupons and square points represent a lamellar (α + β) microstructure). Table 1 (circle points represent an α martensite coupons and square points represent a lamellar (α + β) microstructure). 
Behaviour under Torsion
The monotonic torsional behaviour of vertically (Z axis) fabricated SLM Ti-6Al-4V has been recently reported in [47] , where the as-built, as-built annealed and machined annealed conditions were examined. The mechanical properties of the machined coupons are listed in Table 3 , with the microstructure characteristics and processing parameters summarised in Tables 4 and 5 respectively. The SLM material results have also been compared against the wrought bimodal Ti-6Al-4V results.
In [47] it was reported that the yield strength of the SLM coupons was higher than that of the wrought material, while the ductility of the SLM coupons was less, analogous to results reported for monotonic tension tests obtained from α martensite SLM coupons. 
Micro-Mechanism Contribution
As discussed by Simonelli et al. [8] , the higher yield stress in monotonic tensile tests for the α martensite microstructures and ultrafine lamellar (α + β) and the monotonic torsion tests α martensite microstructure, may be attributed to the smaller α colony size which slows down the onset of plastic deformation (a consequence of a greater hindrance to dislocation movement enforced by dislocation tangling at grain boundaries). Furthermore, the increase in ductility in the lamellar (α + β) can be attributed to the plasticity of the α + β phases; the effective slip length in the α martensite microstructure is within single grains, while the β phase present in the lamellar (α + β) allows for slip transfer between the two phases [8] . This increases the dislocation movement and, therefore, ductility.
The influence of the microstructure on mechanical properties is complicated by inclusions, which may be formed during the fabrication process. Inclusions may cause the deformation behaviour of a α martensite Ti-6Al-4V microstructure, developed using SLM, to be different from a similar acicular α martensite Ti-6Al-4V microstructure formed from classical heat treatment and rapid cooling. The inclusions are formed on the melt pool's surface and include hard-alpha (α), amorphous CaO, and microcrystalline Al 2 O 3 [48] . The influence of inclusions on the micro-mechanical behaviour of the material requires further investigation. Rather than being detrimental to the fabrication process, as indicated by Hennig et al. [49] , the phase transformation and stability controlling potential of impurities could be harnessed to favourably modify the mechanical properties.
Build orientation is also a factor requiring closer investigation. Anisotropy in monotonic yield strength is the consequence of a number of different microstructural characteristics. The α phase present in the test coupons contributes to the yield strength anisotropy, since α titanium is plastically anisotropic [50] , therefore, orientation of the grains to a preferred slip system promotes dislocation movement. This has been confirmed by the Yang et al. [51] study which discovered that vertically built coupons contain a larger number of grains in a stress state, which are easier to slip than horizontal coupons.
It is also important to note that defects may influence anisotropy, since they have an effect on the yield strength, depending on their orientation to the loading direction, which may explain the anisotropy in yield strength between orientations [42] .
The presence of defects can also explain the difference in ductility between the build orientations. As suggest by Vilaro et al. [20] , defects associated with lack-of-fusion are aligned with the layers; therefore, the defects will have a greater influence on the vertically built material due to the loading pulling apart the defects, as opposed to the horizontally built material where the loading is pulling it closer. Due to the variability in the number of defects in builds reported in the studies, the influence of defects on ductility may offer an explanation as to why some studies report lower ductility in vertically built coupons, such as that reported by Vilaro et al. [20] , while others, such as Qiu et al. [6] , report higher ductility. Moreover, the possible reason for some studies reporting similar ductility in both vertically and horizontally manufactured coupons, such as Rafi et al. [45] , could be the consequence of a balance existing between the influence of slip surfaces and defects.
Monotonic Properties
Figure 5 provides a comparison of the fatigue crack growth rate (FCGR) (da/dN, where a is the crack length and N the number of cycles) in the Paris-region between results obtained from published literature. The results were gathered using machined as-built test coupons having the microstructure characteristics presented in Table 6 , fabricated with the processing parameters shown in Table 7 . One may note that the XZ and ZX coupons have very similar FCGR [40] . The XZ orientation corresponds to the crack growth occurring perpendicular to the build layers but parallel to the prior columnar β grains. While, the ZX orientation corresponds to crack growth parallel to the build layers but perpendicular to the prior columnar β grains. This was contradictory to what was reported by Leuders et al. [32] who observed an increased crack growth resistance in the ZX orientation, when compared to that of XZ. The highest crack growth resistant orientation reported by both Cain et al. [40] and Van Hooreweder et al. [52] was the XY orientation, which corresponds to crack growth occurring perpendicular to both the build layers and prior columnar β grains. the layers; therefore, the defects will have a greater influence on the vertically built material due to the loading pulling apart the defects, as opposed to the horizontally built material where the loading is pulling it closer. Due to the variability in the number of defects in builds reported in the studies, the influence of defects on ductility may offer an explanation as to why some studies report lower ductility in vertically built coupons, such as that reported by Vilaro et al. [20] , while others, such as Qiu et al. [6] , report higher ductility. Moreover, the possible reason for some studies reporting similar ductility in both vertically and horizontally manufactured coupons, such as Rafi et al. [45] , could be the consequence of a balance existing between the influence of slip surfaces and defects.
Figure 5 provides a comparison of the fatigue crack growth rate (FCGR) (da/dN, where a is the crack length and N the number of cycles) in the Paris-region between results obtained from published literature. The results were gathered using machined as-built test coupons having the microstructure characteristics presented in Table 6 , fabricated with the processing parameters shown in Table 7 . One may note that the XZ and ZX coupons have very similar FCGR [40] . The XZ orientation corresponds to the crack growth occurring perpendicular to the build layers but parallel to the prior columnar β grains. While, the ZX orientation corresponds to crack growth parallel to the build layers but perpendicular to the prior columnar β grains. This was contradictory to what was reported by Leuders et al. [32] who observed an increased crack growth resistance in the ZX orientation, when compared to that of XZ. The highest crack growth resistant orientation reported by both Cain et al. [40] and Van Hooreweder et al. [52] was the XY orientation, which corresponds to crack growth occurring perpendicular to both the build layers and prior columnar β grains. 
Micro-Mechanism Contribution
Microstructure features, such as the grain size and morphology, can influence the crack growth of the material [54] . Increased grain boundaries due to larger grain size can create resistance to crack propagation, therefore, varying the size of the grains is likely to influence crack growth. However, crack propagation may also be dependent of the build orientation. In the recent work of Galarraga et al. [55] , on Ti-6Al-4V manufactured by electron beam melting (EBM), crack propagation rate parallel to the build direction was lower than that corresponding to the perpendicular build direction. This was attributed to the prior β grain boundaries and the deflection of the crack caused by the scanning layers, which increased the tortuosity of the crack path (reducing the rate of propagation). This phenomenon is likely to explain the difference in FCGR between the Leuders 1 and Leuders 2 [32] results shown in Figure 5 , where Leuders 2 [32] has a slower crack growth rate. Moreover, this may explain the low FCGR values observed in Cain 3 [40] and Van Hooreweder [52] . However, Cain 1 [40] has the same orientation to Leuders 2 [32] but the FCGR in Cain 1 is comparable to Cain 2, which has a grain and layer orientation, which according to Galarraga et al. [55] should produce higher FCGR values. This may be attributed to the influence of residual stresses. As reported by Leuders et al. [32] , the two main factors influencing crack growth in SLM Ti-6Al-4V are residual stresses and microstructure. Further analysis of the results obtained by Cain et al. [40] highlighted the potential occurrence of tensile residual stress near the lateral edges of the fracture plane, which would ultimately add to the tensile loading and, therefore, increase the rate of crack propagation. However, the Edwards 1, 2, 3 results [53] in Figure 5 show very little difference in FCGR between the orientations, which was hypothesised by Edwards and Ramulu [53] to be the consequence of the influence of residual stresses. Consequently, further progress into the understanding of the influence of grain boundaries and residual stresses has to be achieved to investigate the contribution of these micro-mechanisms on crack growth.
The currently available crack growth data on AM Ti-6Al-4V has been limited to long cracks, however, fatigue cracks can exist as also physically-small cracks, and microstructurally-small cracks [56] . The difference lies on their crack length and width [57] . A long crack has a crack length and width much larger than the characteristic microstructural size scale. A physically-small crack once again has crack length and width larger than the characteristic microstructural size scale but has a crack length less than the equilibrium shield zone [region which is associated with crack closure effects [56, 57] . Microstructurally-small cracks are those which have a crack length and width smaller than the shield zone and characteristic microstructural size scale. The fatigue crack growth behaviour of all these cracks can be different. This is why it is important to improve our understanding of the fatigue crack growth behaviour of all types of cracks in the material, so as to develop a broader understanding of fatigue resistance capabilities of the material [56] .
Although no investigation has been undertaken into analysing the fracture behaviour of other possible as-built SLM microstructures, it would be useful to progress our understanding on the potential influence of possible phases present in a SLM Ti-6Al-4V microstructure using existing knowledge from the wrought counterpart. As suggested by Nalla et al. [57] , crack propagation of microstructurally-small cracks is slower in the fine grained wrought bimodal and equiaxed (α + β) microstructures, due to higher grain boundary density. However, as reported by Tao et al. [58] , acicular α microstructures have longer slip paths, which, in turn, promote microstructurally-small crack growth; while coarse lamellar (α + β) microstructures contain aligned α, which aids in microstructurally-small crack propagation due to long planar slip bands. Long cracks in a coarse lamellar (α + β) microstructure have slower growth rates than a bimodal microstructure [57] , which is the consequence of a more torturous crack path. One may also expect that long crack growth in acicular α martensite microstructure will be faster than a bimodal or lamellar microstructure, since the crack path of an acicular α martensite microstructure is less tortuous than a bimodal microstructure [58] .
High Cycle Fatigue Behaviour
Axial Fatigue Loading
In high cycle fatigue (HCF) assessment it is important to consider the influence of the different features of the manufactured material. In a recent critical review by Li et al. [59] , the HCF performance of various SLM coupons was evaluated. Due to the varying stress ratios (R) between tests conducted by different researchers, to provide a means of comparing results, the fatigue data can be normalised using the method applied by Li et al. [59] . This method uses the effective maximum applied stress (σ e f f ), representing the effective maximum applied load at a stress ratio R = −1.0. σ e f f is given by Equation (1), where σ max is the actual maximum applied stress for an applied stress ratio (R). The value of the exponent is a material constant which was determined by Li et al. [59] using Ti-6Al-4V fatigue data obtained from stress ratios between −0.5, and 0.5. Using the effective maximum applied stress, the HCF performance could be compared independent of the stress ratio.
In Figure 6 , various HCF test results from the literature are compared. It is noted that the comparison is limited to results obtained from machined surface coupons, to negate the influence of surface defects on the fatigue life results.
In Table 8 , the build orientation, microstructure and porosity are summarised for each of the test coupons corresponding to the results shown in Figure 6 . Also, the processing parameters used in the manufacturing of the test coupons are summarised in Table 9 . 
Torsional Fatigue Loading
Torsional HCF investigation was undertaken by Fatemi et al. [47] on annealed SLM Ti-6Al-4V, hypothesised to be composed of an α martensite microstructure (material features and processing parameters are provided in Tables 10 and 11 respectively) . These results were compared to bimodal Ti-6Al-4V in both shear strain and stress control, presented in Figure 7 . Under both control methods, the wrought material resulted in having higher HCF resistance, as opposed to the SLM Ti-6Al-4V, as indicated by the higher cycles to failure for higher strain and stress amplitudes. 
Micro-Mechanism Contribution
Comparing the Gong 1 and Gong 5 results [42] in Figure 6 , it is noticed that the influence of porosity on HCF is profound, where the higher porosity content of the Gong 5 test coupons show significantly less cycles to failure than the denser Gong 1 coupons. This may be attributed to the pores, affecting the rate at which the crack initiation stage activates, with the definition of crack initiation adopted from [64] referring to the formation of a crack of length grain size or less. Delaying the occurrence of this stage, by reducing the size and/or number of pores, is likely to lead to longer fatigue life. Furthermore, in a two-dimensional analysis conducted by Fan et al. [65] on cast Al-Si alloys, it was discovered that the crack incubation was influenced by both the pore size and the space between the pores.
Anisotropic HCF behaviour was observed in the Edwards 1, 2, 3 test results [62] . Referring to the work conducted by Yadollahi et al. [66] , the defects formed between layers due to lack-of-fusion in the vertical coupon used in Edwards 3 [62] would be more detrimental to crack initiation. This is due to the exposure of a larger area of the defect, than Edwards 1 and 2, which explains the difference in HCF life shown in Figure 6 . This was an anticipated phenomenon, attributed to the orientation of the defects. Comparison of the Xu 1 and Xu 2 results [16] provide an indication of the impact of microstructure on fatigue performance. In particular, the lamellar (α + β) (Xu 2) test coupons demonstrated higher fatigue resistance than the α martensite (Xu 1) coupons. This suggests that, although porosity has a considerable effect on the fatigue resistance of the material, the improvement in ductility, offered by a lamellar (α + β) microstructure, can actually reduce the influence of the pores on the crack initiation [62] .
If the presence of voids in the material is not extensive, the microstructural features are more likely to influence the crack initiation. The HCF behaviour of the material is dependent on the crack nucleation and growth time. In particular, as demonstrated by Mall et al. [67] , crack initiation resistance in Ti-6Al-4V is increased with finer and more homogenous microstructures. Fatigue cracks typically nucleate due to irreversible slip in the longest crystallographic slip bands in the microstructure [57] . Therefore, a finer microstructure is likely to contain a lower quantity of long slip bands. Effectively, coarse lamellar (α + β) have less resistance to crack nucleation than fine lamellar (α + β) microstructures, due the presence of large slip lengths. The orientation of the grains will also affect crack initiation, especially if crack initiation occurs in slip bands within the grains [68] . This is due to the fact that different build directions have the maximum resolved shear direction at different orientations to planes which contain the easiest and most common slip systems [54] . In a comprehensive analysis of the HCF results of wrought Ti-6Al-4V, obtained from 21 different published research results, it was shown by Wu et al. [69] that a bimodal microstructure will have superior HCF resistance over a lamellar microstructure, followed by a equiaxed microstructure. Analysis of the primary α content in the bimodal microstructure demonstrated the importance of having a primary α volume fraction of between 30-50% and a primary α size of between 0 and 5 µm to achieve the highest fatigue resistance. Additionally, in order of fatigue resistance performance, the following microstructures followed:
•
The Lamellar microstructure, where it was suggested that an α lamellae width of less than 1 µm could improve HCF resistance; • The Equiaxed microstructure, with the greatest resistance occurring when the primary α size was less than 6 µm.
The comprehensive study of Wu et al. [69] revealed that a finer grain size is able to improve the HCF behaviour of the material, which is consistent with the previously presented understanding with respect to improving crack initiation resistance. However, the long crack growth analysis showed a preference to the lamellar microstructure, particularly with respect to coarser lamellae width. Therefore, this suggests that the HCF behaviour of Ti-6Al-4V is weighted towards the time spent in crack nucleation and short crack growth.
However, it is particularly important to recognise the influence of defects on crack initiation times. As previously discussed, the volume of defects in SLM fabricated material is significantly higher than wrought material. Thus, the time spent in crack nucleation would be significantly less in SLM than wrought material due localised slip induced crack initiation due to the high stress concentration at the pores [70] . A greater weighting is given to crack growth properties of the material when it comes to the HCF resistance, since this is a property that can be used to improve the fatigue resistance of the material. It is, therefore, believed that microstructures which improve crack growth rates will be more valuable than those which improve crack initiation.
Low Cycle Fatigue Behaviour
Axial Fatigue Loading
The cyclic elastoplastic behaviour of SLM Ti-6Al-4V has recently been investigated by Kourousis et al. [71] , Phaiboonworachat and Kourousis [72] and Agius et al. [73] . The microstructure features and corresponding fabrication parameters used in these studies are listed in Tables 12 and 13 respectively. In these studies, the elastoplastic behaviour of α martensite SLM Ti-6Al-4V under symmetric strain-control is compared to results obtained from wrought bimodal Ti-6Al-4V. The hysteresis loop development across a number of different strain amplitudes, used in this investigation, shows a much narrower hysteresis loop formed from the micro-mechanisms evolving in the SLM Ti-6Al-4V, as opposed to that of the wrought Ti-6Al-4V. This suggests that there is significantly more plastic work occurring in the wrought Ti-6Al-4V than the SLM Ti-6Al-4V, a feature associated with the higher cyclic yield in the SLM Ti-6Al-4V. Moreover, it was noticed that the stress amplitudes during symmetric strain cycling decreased with cycles in the SLM Ti-6Al-4V, a phenomenon known as cyclic softening.
In an investigation into the mechanical anisotropy associated with build orientations, Agius et al. [73] conducted symmetric strain-controlled tests on cylindrical coupons manufactured at horizontal, diagonal and vertical build orientations. Results of the investigation revealed a difference in not only the monotonic tensile behaviour but also in the elastoplastic behaviour, with the diagonally manufactured coupon having the largest monotonic tensile and cyclic yield stresses. In conjunction with this work, elastoplastic constitutive modelling capabilities were explored by Kourousis et al. [71] , that included the implementation of an advanced model [74] aiming to simulate accurately the material cyclic phenomena under strain and stress controlled loading histories.
Axial low cycle fatigue (LCF) behaviour of SLM Ti-6Al-4V requires further investigation, however currently very limited understanding exists in this area, despite the engineering significance of these phenomena in design and operation [11] . Despite the lack of understanding of the LCF effects in SLM Ti-6Al-4V, some work has been conducted on the LCF behaviour of other materials additively manufactured, such as Inconel alloy 718, where a build orientation dependence on strain amplitude in symmetric strain-controlled results was observed [75] . Further LCF analysis has been conducted on 17-4 PH stainless steel by using symmetric strain-controlled tests, which showed that crack initiation sites on the LCF fracture surface were smaller than those on the HCF fracture surface [66] . As identified in [66] , the defect distance from the surface was more important than the actual defect size in LCF. Table 12 . SLM Ti-6Al-4V features of the coupons used in axial elastoplastic investigative tests performed by Kourousis et al. [71] , Phaiboonworachat and Kourousis [72] , and Agius et al. [73] . 
Torsion Fatigue Loading
Torsional LCF of SLM Ti-6Al-4V has been given even less attention than axial LCF. Strain-life results of SLM Ti-6Al-4V reported by Fatemi et al. [47] showed that the SLM Ti-6Al-4V had considerably shorter LCF lives than its wrought bimodal counterpart (Figure 8a) . However, stress-life results showed that SLM Ti-6Al-4V had a higher shear fatigue strength than the wrought bimodal coupons in LCF (Figure 8b ). The reason for this difference could be the higher associated yield stress in α martensite dominated coupon, resulting in the tested stress amplitudes being below the macroscopic yield of the SLM coupons, compared to the wrought coupons (which may be in the plastic region). In Table 14 the build orientation, microstructure and porosity are summarised for each of the coupons corresponding to the test results of Figure 8 . The corresponding processing parameters used in the manufacturing of the test coupons are provided in Table 15 . Elastoplastic investigation of the SLM coupons to those obtained from a wrought bimodal Elastoplastic investigation of the SLM coupons to those obtained from a wrought bimodal microstructure was also undertaken by Fatemi et al. [47] at a shear strain amplitude of 2%. The shear stress amplitude progression with cycles compared to the wrought material identified similar softening rates between the two. However, a higher amount of softening was observed in the wrought material, due to the premature fracture in the SLM coupon. Comparison of the mid-life hysteresis loops identified a much narrower hysteresis loop developed from the SLM material than the wrought material, which is consistent with axial elastoplastic results obtained in [71] [72] [73] , associated with the higher cyclic yield in the tested SLM material.
Micro-Mechanism Contribution
The primary and secondary slip planes for titanium alloys are the prism planes 1010 and basal planes {0001} respectively [77] . The majority of deformation at low temperatures occurs by 1010 1210 slip [78] . A difference in the elastoplastic behaviour between the tested α' martensite microstructure compared to other possible Ti-6Al-4V microstructures is anticipated, due to differences in the micro-mechanism which govern the plastic behaviour. Gil et al. [79] compared the elastoplastic and LCF behaviour of wrought bimodal, lamellar and martensitic microstructures of Ti-6Al-4V. Cyclic softening rates varied between the microstructures due to differences in the micro-mechanisms (that cause cyclic softening). In the bimodal and lamellar microstructure, cyclic softening occurred predominantly due to the existence of mobile dislocations, while in the martensite microstructure, mobile dislocations and induced twinning resulted in cyclic softening. Furthermore, Gil et al. [79] reported that the LCF resistance was higher in the bimodal microstructure, where crack nucleation occurred at α grains for low strain amplitude and α-β interfaces at high strain amplitudes. The lamellar microstructure demonstrated the second highest resistance to LCF. The resistance increased with increasing number of colony boundaries and decreasing grain size, which increased the tortuosity of the crack path. The martensitic microstructure demonstrated the least LCF resistance due to crack propagation occurring along the martensite plate boundaries, reducing the tortuosity of the crack path. A comparison of the LCF and elastoplastic behaviour of an equiaxed and lamellar structure was conducted by Tan et al. [80] using the titanium alloy TC21. This investigation revealed that crack nucleation at LCF occurred easier in the lamellar microstructure than the equiaxed microstructure.
In order to obtain a better understanding of the influence of defects in LCF of AM material, the Åkerfeldt et al. [81] study is considered a helpful source. In this study, the influence of defects on the LCF of Ti-6Al-4V coupons manufactured using laser metal wire disposition has been analysed. In the LCF tests conducted under strain-controlled loading, it was observed that fracture at lower strain amplitudes was dominated by crack initiation due to pores and lack-of-fusion defects in the material, while at high strain amplitudes the cracks initiated on the surface. This was an effect of the stress concentration being higher at the surface of the coupon when subjected to higher strain amplitudes, than the stress concentration at defects and vice-versa, when the material was subjected to lower strain amplitudes. Additionally, the horizontally manufactured coupons had better LCF properties. No failure occurred from cracks initiating at lack-of-fusion defects in horizontal coupons, which is a consequence of the defect being located on a plane parallel to the loading direction. This results in the aspect ratio being lower than that of a round pore, causing a lower stress concentration in the vicinity of the defect [82] . However, lack-of-fusion defects are considerably more dangerous in vertically manufactured coupons, due to the aspect ratio being greater than a round pore, which leads to higher stress concentrations in the vicinity of the lack-of-fusion defect. Consequently, favourably orientated lack-of-fusion defects can be less detrimental both to HCF and LCF life.
Multiaxial Fatigue Behaviour
A multiaxial fatigue investigation using both proportional and non-proportional loading on vertically fabricated tubular coupons has been recently published by Fatemi et al. [76] . The coupons have the microstructure characteristics presented in Table 16 , manufactured using the process parameters of Table 17 . The results of the tested SLM Ti-6Al-4V are summarised in Figure 9 , where a comparison to a wrought bimodal microstructure is also presented (using von Mises equivalent stress). It is observed from these results that the multiaxial fatigue resistance of the wrought material is superior to the acicular α martensite SLM Ti-6Al-4V for both in-phase and out-of-phase loading conditions. Åkerfeldt et al. [81] study is considered a helpful source. In this study, the influence of defects on the LCF of Ti-6Al-4V coupons manufactured using laser metal wire disposition has been analysed. In the LCF tests conducted under strain-controlled loading, it was observed that fracture at lower strain amplitudes was dominated by crack initiation due to pores and lack-of-fusion defects in the material, while at high strain amplitudes the cracks initiated on the surface. This was an effect of the stress concentration being higher at the surface of the coupon when subjected to higher strain amplitudes, than the stress concentration at defects and vice-versa, when the material was subjected to lower strain amplitudes. Additionally, the horizontally manufactured coupons had better LCF properties. No failure occurred from cracks initiating at lack-of-fusion defects in horizontal coupons, which is a consequence of the defect being located on a plane parallel to the loading direction. This results in the aspect ratio being lower than that of a round pore, causing a lower stress concentration in the vicinity of the defect [82] . However, lack-of-fusion defects are considerably more dangerous in vertically manufactured coupons, due to the aspect ratio being greater than a round pore, which leads to higher stress concentrations in the vicinity of the lack-of-fusion defect. Consequently, favourably orientated lack-of-fusion defects can be less detrimental both to HCF and LCF life.
A multiaxial fatigue investigation using both proportional and non-proportional loading on vertically fabricated tubular coupons has been recently published by Fatemi et al. [76] . The coupons have the microstructure characteristics presented in Table 16 , manufactured using the process parameters of Table 17 . The results of the tested SLM Ti-6Al-4V are summarised in Figure 9 , where a comparison to a wrought bimodal microstructure is also presented (using von Mises equivalent stress). It is observed from these results that the multiaxial fatigue resistance of the wrought material is superior to the acicular α' martensite SLM Ti-6Al-4V for both in-phase and out-of-phase loading conditions. 
Micro-Mechanism Contribution
As observed in the research study performed by Fatemi et al. [76] , all failures of the SLM coupons occurred on the maximum principal stress plane. This is an expected path for a brittle metal, which is based on both the understanding that acicular α martensite microstructures typically have lower ductility than wrought bimodal Ti-6Al-4V and the monotonic test results obtained in this investigation. The complexity of the SLM microstructure presents some concerns with respect to how the crack propagates during both proportional and non-proportional loading. This is further complicated by non-proportional loading, since the principal stress and strain axes rotate during cycling, which not only actives more slip planes [83] but can also result in defects having an even greater influence than they would have in proportional loading. Moreover, the defects present in the material are likely to result in localised stress concentrations, causing shear stresses to promote slip and, therefore, lead to crack nucleation. Thus, it is anticipated that the defects within the material will have an effect on the plane at which the cracks initiate. The interaction of the defects and the layers with the progressive crack propagation will also influence the plane on which the crack propagates until the occurrence of failure. Further test data analysis is considered very important to explore the influence of porosity, the orientation of lack-of-fusion defects and build layer direction on the orientation of the crack propagation plane (critical plane). This information will be of value in the potential use of techniques that can determine the orientation of the critical plane, e.g., Maximum Damage Method (MDM) [84] and Maximum Variance Method [85] .
Closer examination of the possible Ti-6Al-4V microstructure in multiaxial fatigue conditions is also an unexplored area requiring attention, especially when this material is used in complex geometry structures and parts prone to HCF. Other than the SLM acicular α martensite microstructure investigation by Fatemi et al. [77] , Ti-6Al-4V multiaxial fatigue investigations have considered mainly the wrought bimodal Ti-6Al-4V microstructure [83, [86] [87] [88] ]. An understanding of the microstructural influence on the critical plane orientation is particularly important in the development of a fatigue resistant microstructure, since the underlying microstructure can have a significant influence over the fatigue fracture plane characteristic of the material [89] . Therefore, improving the component's resistance to multiaxial fatigue is vital to consider when tailoring the microstructure during the SLM process.
Conclusions
The review of the published SLM Ti-6Al-4V literature has offered a valuable insight into the current knowledge surrounding the influence of microstructure, defects and residual stresses on the monotonic tensile, HCF, LCF, fracture mechanisms and multiaxial fatigue. An overview of the influence of the different combination of possible phases of Ti-6Al-4V, achieved through SLM on monotonic properties, was provided. In conjunction to this, the microstructure and defect influence on monotonic yield stress and ductility was also summarised and critically commented and assessed. From the overall examination, a consolidated understanding has been developed around these matters, which can inform future research efforts.
An overview of the current HCF behaviour of SLM Ti-6Al-4V has demonstrated that a significant amount of research has been undertaken with respect to the α martensite dominated microsructure. However, it seems that less attention has been paid to the possible lamellar (α + β) microstructure. During the crack nucleation stage, finer microstructures are favoured due to a lower quantity of long slip bands, therefore, less irreversible slip leading to fewer nucleation sites. Of particular note is that the extent of defects in the material is likely to affect the crack nucleation stage, due to stress raisers in the vicinity of defects, which influence the rate at which slip is activated. Consequently, the crack growth behaviour of the material becomes increasingly important to consider, as per the increased rate and presence of crack nucleation and microstructurally-small crack growth. SLM crack growth studies have been focused on α martensite microstructure. Nevertheless, more favourable microstructures to crack growth have been shown to be bimodal and lamellar microstructures. In order to obtain a deeper understanding on the influence of grain boundaries and layer orientation, in conjunction with a lamellar microstructure on crack growth, the work of Galarraga et al. [55] on EBM-manufactured material has been reviewed. Based on the results arising from this study and the understanding around the effect of SLM-manufactured material build orientation, it can be concluded that it is important crack growth occurs perpendicular to the build layers and, if possible, orientated in the same direction as the elongated grains. Obtaining both of these microstructure features is expected to aid in the crack deflection and reduce the growth rate. Orientating the layers parallel to the load direction will most likely reduce the influence of lack-of-fusion defects on crack nucleation, a result of lower aspect ratio and subsequent localised stress concentration.
Acicular α martensite microstructures have also been the primary focus of studies dealing with the elastoplastic and LCF behaviour of SLM Ti-6Al-4V. Further investigations have to be undertaken to enhance our knowledge of the influence that SLM defects may have on LCF resistance of not only acicular α martensite but also of the possible lamellar microstructures. An extensive review of the wrought Ti-6Al-4V literature, as well as material obtained through alternate AM fabrication methods, signified the potential improvement to LCF of SLM Ti-6A-4V with a lamellar structure. Moreover, it reiterated the importance of the axial LCF loading direction being parallel to build layers as way to improve fatigue resistance.
Very limited research efforts have been made so far in the examination of multiaxial fatigue examination of AM metals. Of particular importance is considered to be the investigation of the influence of build layers and defects on the plane of crack initiation and propagation. Furthermore, the microstructure contribution to multiaxial fatigue failure has to be explored, especially in relation to lamellar microstructures. A clear understanding of how the crack propagates through different Ti-6Al-4V microstructures will assist in achieving more suitable design for SLM fabricated parts, through an informed selection of microstructures which can mitigate crack propagation and ultimately improve the fatigue life of the structure. Additionally, obtaining more details on the plane orientations that are more susceptible to damage and developing and testing methods of predicting these orientations can be very assistive for design purposes. As proposed by Yadollahi and Shamsaei [54] , weaker planes can be aligned with areas expecting lower loads, which will improve the multiaxial fatigue resistance of the material.
An important concept introduced by this review is the idea of using the knowledge of the material such as combination of phases, grain orientation and morphology, the influence of build layer orientation, as well as the influence of defects, to optimise the design and manufacture of components. With the advancement in the understanding of the influence of these microstructural features on the mechanical behaviour of the material, AM offers the unique ability to manipulate these microstructural features in situ, and therefore providing an additional layer to the design process through the inclusion of microstructural design to achieve desired mechanical properties, not only for Ti-6Al-4V but for other materials. This review attempts to highlight the potential of this direction for AM, so future research can be more meticulous in experimental planning and results reporting particularly with respect to the specimen processing conditions and subsequent microstructure. Therefore, reporting of the results obtained from SLM fabricated Ti-6Al-4V should at least include: Due to the influence of these fabrication details on the behaviour of the material, providing this information shall offer considerably more value to the results currently being reported by most researchers in the open literature. This will assist in building a database for SLM Ti-6Al-4V, which can be referred to in the design of components, particularly in the optimisation and tailoring design of microstructure.
This wide review on SLM fabricated Ti-6Al-4V and the supporting analysis from published Ti-6Al-4V research, for both conventional manufacturing and alternate AM methods, offers a comprehensive guide towards understanding how the microstructure, build orientation, defect percentage can be manipulated and applied in the development of fatigue resistance materials. Also, this review acts as a map identifying research gaps in this field and how further investigation is able to improve this ever-growing database of knowledge.
